The overall survival (os) analysis of the icon7 trial demonstrated that frontline ovarian cancer patients with a high risk of progression (stage iii suboptimally debulked, and stage iii or iv with unresectable disease) benefited from the addition of bevacizumab to standard chemotherapy compared with standard chemotherapy alone. The objective of the present study was to investigate the cost-effectiveness, from a Canadian publicly funded perspective, of adding bevacizumab to frontline treatment of ovarian cancer at high risk of progression.
INTRODUCTION
Ovarian cancer is a leading cause of cancer-related death in Canadian women. Approximately 2700 new ovarian cancer cases are diagnosed and 1750 ovarian cancerrelated deaths occur each year 1 . Of all ovarian cancers, 75% are advanced (stages iii and iv), with a 5-year survival of 20% -40% 2 . Worldwide each year, 224,747 new ovarian cancers are diagnosed, and 140,163 women die from the disease 3 . Of the cancers unique to women, ovarian cancer has the 3rd-highest mortality 3 . Incidence rates vary worldwide, with the highest occurrence in Europe and the United States, and the lowest occurrence in Africa and developing countries 4 . Approximately 43,000 cases of ovarian cancer occur each year in Europe and 22,000 in the United States 5 .
Management options for advanced ovarian cancer include primary cytoreduction, followed by adjuvant chemotherapy or neoadjuvant chemotherapy, with subsequent cytoreduction and adjuvant chemotherapy. Surgical cytoreduction followed by cytotoxic chemotherapy has long been recognized as the standard-of-care management strategy in women presenting with advanced ovarian cancer in Canada. Survival depends not only on stage of the disease, but also on outcome of surgery as measured by residual disease 6, 7 . The goal of surgery is maximal removal of tumour tissue to non-visible residual disease, because evidence has shown that survival is substantially significantly better in patients receiving debulking to microscopic disease than in those receiving debulking to macroscopic residual disease. Additionally, a survival advantage is evident when residual disease is less than 1 cm compared with more than 1 cm.
Until recently, a combination of surgery and standard chemotherapy has been the mainstay of treatment for advanced ovarian cancer when the time lag between surgery and systemic treatment is 4-6 weeks (leaving enough time for recovery after the debulking surgery). More recently, significant interest has emerged for modulation of vascular endothelial growth factor as a potential additional component of treatment.
The effectiveness of vascular endothelial growth factor modulation has been demonstrated in two large landmark phase iii randomized trials. The addition of the anti-vascular endothelial growth factor monoclonal antibody bevacizumab to conventionally administered carboplatin and paclitaxel chemotherapy significantly improved progression-free survival (pfs) in treated patients 8, 9 . The Gynecologic Oncology Group 218 trial, a phase iii randomized double-blind placebo-controlled trial, examined the efficacy of the addition of bevacizumab (15 mg/kg) to standard chemotherapy treatment in women with newly diagnosed advanced ovarian, primary peritoneal, or fallopian cancer. That trial enrolled 1873 high-risk patients with International Federation of Gynecology and Obstetrics stages iii and iv ovarian cancer and macroscopic residual disease after primary surgery; it demonstrated a significant improvement in pfs with the addition of bevacizumab (hazard ratio: 0.72; 95% confidence interval: 0.63 to 0.82; p < 0.001) 5 .
The International Collaborative Ovarian Neoplasm 7 (icon7) trial, a randomized open-label phase iii trial, was designed to evaluate the safety and efficacy of adding bevacizumab (7.5 mg/kg) to standard chemotherapy in patients with advanced epithelial ovarian or primary peritoneal cancer. Results from icon7 showed improved clinical benefit with the addition of bevacizumab in a broader population that included a high-risk, poor-prognosis patient group in addition to patients with early-stage disease and with optimally or suboptimally debulked advanced disease. Significant improvement in pfs (hazard ratio: 0.81; 95% confidence interval: 0.60 to 0.93; p = 0.02) was shown in all bevacizumab-treated patients after 42 months of follow-up 7 . Although overall os was not significantly improved in the icon7 trial, a preplanned analysis in women at high risk of disease progression showed a statistically significant improvement in os for patients randomized to the bevacizumab arm (hazard ratio: 0.78; 95% confidence interval: 0.63 to 0.97; p = 0.03) 10 , suggesting that the addition of bevacizumab to standard chemotherapy for patients at high risk of disease progression is an effective treatment option that can significantly improve pfs and os.
At the time of submission of this manuscript, only two cost-effectiveness analyses comparing the combination of bevacizumab (7.5 mg/kg) and standard chemotherapy with chemotherapy alone in a high-risk patient population as defined by the icon7 trial had been published. One analysis took the perspective of the National Health Service in the United Kingdom 11 . The other was a U.S. analysis conducted from the perspective of the Medicare system 12 . Neither analysis was representative of the Canadian public health care system, and the generalizability of cost-effectiveness measures from other health care systems to the Canadian context is limited. Here, we present the first cost-effectiveness analysis in Canada and discuss its adoption by the Canadian public health care system.
METHODS

Model Structure
A Markov-structured area-under-the-curve model was developed in Excel (Microsoft, Redmond, WA, U.S.A.) to estimate the cost-effectiveness in Canada of combined bevacizumab and standard chemotherapy relative to standard chemotherapy alone for the treatment of advanced ovarian cancer at high risk of relapse. The model included 3 mutually exclusive health states that characterize the typical progression of oncologic diseases: PFS, Progression, and Death ( Figure 1 ). The analysis was conducted from the perspective of the publicly funded Canadian health care system. Costs are reported in 2014 Canadian dollars, and health outcomes are assessed as quality-adjusted life years (qalys). For the base-case analysis, the time horizon was 10 years, and after the first year, all costs and outcomes were discounted by 5% annually. 
Patient Population
The analysis presented here applies to the subpopulation of patients in the icon7 trial who were at high risk of progression-that is, those defined as having suboptimally debulked (>1 cm) stage iii disease or unresectable stage iii or iv disease (International Federation of Gynecology and Obstetrics staging). That subpopulation was represented by 502 (33%) of the 1528 patients enrolled in the icon7 trial 7 .
Treatment Strategies
The treatment strategies evaluated here replicate the treatment arms of the icon7 trial. In the new-treatment arm, patients received 6 three-weekly cycles of standard chemotherapy together with concurrent intravenous bevacizumab (7.5 mg/kg body weight), starting at cycle 2 (per protocol for the high-risk patient population). Additionally, patients received another 12 three-weekly cycles of bevacizumab (or until disease progression or treatment discontinuation). In the comparator-treatment arm, patients received 6 three-weekly cycles of standard chemotherapy without bevacizumab. Standard chemotherapy consisted of 6 three-weekly cycles of carboplatin (area under the curve 5 or 6) and paclitaxel (175 mg/m 2 body surface area).
Clinical Effectiveness
In an area-under-the-curve partitioned-survival model, health state transitions are determined by the proportion of patients in pfs and os, and the progressed state is assumed to be the difference between the os and pfs states. Parametric extrapolation of patient-level data abstracted from the icon7 trial was used to estimate the pfs and os of patients for each treatment arm separately, with independent shape parameters 7 . The parametric functions were assessed for goodness of fit using the Akaike information criteria, as well as visual inspection, log logistic, Weibull, log normal, gamma, and exponential analyses. The parametric function with the best overall fit to the patient-level data was used in the base-case analysis, and the other functions were tested in sensitivity analyses. To avoid mathematical anomalies, the parametric curves were assumed to converge once they intersected, resulting in equivalent transition probabilities for both pfs and os for both treatment arms after convergence at 15 years.
Adverse Events and Toxicities
Adverse events (aes) can significantly affect the results of a pharmacoeconomic analysis with respect to increased costs for the payer and to decreased quality of life for patients. Grades 1-2 aes are considered mild to moderate in severity and require limited or no intervention; they would not affect an economic analysis. The severity of grades 3 and greater aes is much higher; such events require significant interventions that are associated with increased costs and clinical impact. The aes and toxicities included in the present analysis were modelled from the icon7 trial; aes of grade 3 and greater, observed within 28 days after discontinuation of the clinical trial treatment, are included. The ae costs were calculated as "per episode" costs, which included an assessment of the resources used to manage the ae (informed by expert opinion), combined with the estimated costs of each resource (informed by publicly available Ontario health care resource costs) [13] [14] [15] . Included in the model were the aes for which the episodic costs were high or the difference between the treatment arms was large. The cost of treating patients with aes was extrapolated beyond the trial follow-up by applying the average weekly ae cost by arm (total ae costs divided by the total ae follow-up in patient-weeks). The total patient-weeks of ae follow-up for each treatment arm were calculated as the number of weeks from the first dose of the study treatment until the lesser of the last dose plus 28 days or the last survival follow-up date for a patient.
Quality of Life
Health-related quality of life was incorporated into the model using utility index values derived from the EQ-5D health state questionnaire used in icon7, which was administered at the start of every treatment cycle and every 6 weeks until the end of year 1, followed by an assessment every 3 months until disease progression up to 2 years after randomization. Utility values for the pfs state were calculated by applying a Canadian time trade-off preference algorithm to the individual EQ-5D responses from the icon7 clinical trial, by cycle. The average pfs utility value by cycle was applied at the start of each 3-week period, with the follow-up utility value applied beyond the 18th week in both treatment arms (Table i) . A progression health state utility of 0.680 was assigned based on a published Canadian ovarian cancer utility value 16 , less 1 standard deviation to account for the Progression health state.
Treatment-Related Costs
To avoid delayed wound healing after surgery in the highrisk population, all patients initiated carboplatin and paclitaxel chemotherapy at cycle 1 and bevacizumab at cycle 2 per the icon7 trial protocol. The costs of the three treatments (carboplatin plus paclitaxel, carboplatin plus paclitaxel, and bevacizumab) are calculated and applied every 3 weeks, because all regimens had a treatment cycle week (starting at the first administration) per the cycle length of all drugs 8 . The cost of drug administration was derived from the resources used for administration of chemotherapy (pre-medications; pharmacist and nurse time; hospital overhead cost, including chair time). Chair time (4 hours total) for carboplatin and paclitaxel administration was based on the Cancer Care Ontario formulary specification for carboplatin plus paclitaxel in the frontline treatment of ovarian cancer 17 . Chair time for bevacizumab (30 minutes) was obtained from clinician interviews. Costs for pre-medications and hourly costs for overhead and nursing time were taken from Canadian sources, inflated to 2014 dollars using the Consumer Price Index 9,18 .
The supportive care costs for patients in the PFS health state included physician visits after administration, cancer antigen 125 immunohistochemistry tests, a nd computed tomog raphy imag ing exa minations (applied every time an immunohistochemistry test is positive, which is assumed to be 80% of the time). The frequency of physician visits and cancer antigen 125 tests during the PFS phase (after the drug administration phase) was based on expert opinion and was applied for every 2nd drug administration cycle (that is, 6 weeks) for the 1st year after administration during the PFS phase, every 12 weeks during year 2, and every 24 weeks in subsequent years. On average, it was estimated that the patient would see the physician every 15 weeks after firstline treatment. The supportive care costs for patients in the Progression health state included 2nd and subsequent treatments as observed in the icon7 trial, immunohistochemistry cancer antigen 125 tests, and computed tomography imaging exams (80% of the time). The subsequent treatment, test, and administration costs were applied to all patients transitioning from the PFS health state at the time of the transition. Progression-state supportive care costs were applied to all patients with progressive disease until death.
Table ii summarizes all treatment-related costs used in the analysis.
RESULTS
In the base-case analysis, the addition of bevacizumab to standard chemotherapy for the treatment of high-risk-ofrelapse advanced ovarian cancer yielded 2.661 qalys at a total cost of $54,396. That result compares favourably with treatment using standard chemotherapy alone, which yielded 2.287 qalys at a total cost of $18,495. The mean incremental cost-effectiveness ratio (icer) for standard chemotherapy treatment plus bevacizumab compared with standard chemotherapy alone was therefore $95,942 per qaly. In 1-way sensitivity analyses, the model parameters that resulted in the highest degree of variability in the outcome of the analyses included the time horizon, the health state utilities, and the parametric function used to extrapolate os. The sensitivity analyses resulted in icers ranging from $89,364 to $110,340 per qaly (Table iii) .
After a probabilistic analysis of 5000 iterations, the mean icer was $93,142 per qaly. At a willingness-to-pay threshold of $100,000 per qaly, 56% of the tested scenarios were considered cost-effective ( Figure 2 ).
DISCUSSION
Recent results of two large-scale phase iii randomized trials demonstrated that the addition of bevacizumab to standard chemotherapy significantly improves pfs and os in ovarian cancer patients who are at high risk of disease progression 5, 7 . Those results provide a clinical framework for the appropriate use of bevacizumab in the management of advanced ovarian cancer. The objective of the present analysis was to examine the cost-effectiveness of that clinical framework and to discuss its adoption for the Canadian health care system.
At a total cost of $54,396.36, the addition of bevacizumab to standard chemotherapy for the treatment of ovarian cancer increased the total cost of therapy by $36,000 over the current standard-of-care chemotherapies, for an icer of $95,942 per qaly. Canada has no official cost-effectiveness threshold that determines the willingnessto-pay of the public health care system. However, many of the oncology therapies currently funded have icers well above $100,000 per qaly a . At that willingness-to-pay threshold, bevacizumab plus standard chemotherapy would be considered a cost-effective therapy for patients with ovarian cancer. A probabilistic analysis examined the impact that the overall uncertainty associated with this economic analysis has on the cost-effectiveness of bevacizumab. At a willingness-to-pay threshold of $100,000 per qaly, bevacizumab has a greater probability than not of being cost-effective-that is, a 56% chance of being cost-effective. That probability increases significantly as the willingness-to-pay threshold increases, which is not uncommon for cancer therapies in Canada.
A brief review of currently funded oncology medications and their icers submitted to the pan-Canadian Oncology Drug Review would suggest that the willingness-to-pay threshold of the Canadian public health care system for oncology therapeutics is significantly higher than $100,000 per qaly 19 . At a threshold of $150,000 per qaly, the probability is greater than 85% that the bevacizumab-containing therapy is a cost-effective option, removing much of the uncertainty concerning the cost-effectiveness of adding bevacizumab to standard chemotherapy.
Cost-effectiveness analyses vary considerably based on the perspective from which they are conducted. Two previously conducted cost-effectiveness analyses compared standard chemotherapy alone with the addition of bevacizumab to standard chemotherapy in the high-risk population defined in the icon7 trial 10, 11 . One analysis conducted from the perspective of the U.K. National Health Service reported an icer of £48,975 per qaly for the addition of bevacizumab. The icer estimate from that analysis was comparable to ours; however, the threshold of cost-effectiveness used by the U.K. National Health Service (approximately £30,000 per qaly) is much lower than that in Canada, and the addition of bevacizumab to standard chemotherapy was considered not cost-effective from that perspective. The other cost-effectiveness analysis took the perspective of the U.S. Medicare system and estimated an icer of approximately $170,000 per qaly. That estimate is significantly higher than ours; however, the United States has no cost-effectiveness threshold, and given that situation, the authors were unable to conclude whether the therapy would be considered cost-effective from their perspective.
As with many cost-effective analyses, noting the limitations associated with the methodology is important. The clinical parameters in the present model are based on a single cohort of patients from one prospective clinical trial, and it was impossible to obtain detailed clinical data for all possible clinical scenarios. As a result, uncertainty in the clinical outcomes must be evaluated in sensitivity analyses, and missing information must be extrapolated based on available data and knowledge. The uncertainties for both the clinical and economic parameters were evaluated in 1-way sensitivity analyses and in a probabilistic analysis to determine their effect on the overall icer estimate. Additionally, given that the cost-effectiveness of a drug is measured over the lifetime of the patient, a key limitation of our analysis is the need to extrapolate the results beyond the available data so as to estimate the lifetime cost-effectiveness of treatment for each patient. Testing the assumptions for the extrapolation of clinical benefit indicated that those assumptions had the largest effect on the icer estimate. However, the resulting icers increased less than 15% from the icer in the base-case analysis. That observation suggests that the base-case analysis is robust against the parameter assumptions in the model.
CONCLUSIONS
The present analysis provides supportive evidence to inform the potential cost-effectiveness, in the frontline setting, of the addition of bevacizumab to standard chemotherapy in ovarian cancer patients at a high risk of progression. EuroQoL Group, Rotterdam, Netherlands. QALY = quality-adjusted life-year; CADTH = Canadian Agency for Drugs and Technologies in Health; PFS = progression-free survival; CTx = chemotherapy.
FIGURE 2
Cost-effectiveness acceptability curve for the probabilistic sensitivity analysis. At a willingness to pay threshold of $100,000 per QALY, the addition of bevacizumab to standard chemotherapy is considered a cost-effective treatment alternative to standard chemotherapy alone in ovarian cancer patients who are at high risk of relapse. EuroQoL Group, Rotterdam, Netherlands. ICER = incremental cost-effectiveness ratio; QALY = quality-adjusted life-year; PFS = progression-free survival.
